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Abstract 

A circular cylinder with a free end is one of the simplest possible three

dimensional structures, yet flow around such a body is complex and not well 

understood. Numerous previous studies have examined this flow situation; however 

there is disagreement within the literature about the exact nature of the flow behaviour. 

The primary dispute is whether a pair of counter-rotating trailing vortices exists near the 

free end or whether the Karman vortices are inclined near the cylinder free end and 

attach onto the body. There is a distinct lack of quantitative wake velocity results from 

previous work. Therefore, the focus of this study is to obtain such results in order to 

determine the structure of the wake. 

Velocity measurements were made in the wake of various circular cylinders 

mounted vertically perpendicular to a horizontal ground plane. Experiments were 

conducted in the subcritical ReYnolds number regime at ReD = 6x104 using a seven-hole 

pressure probe capable of determining the time-averaged velocity vector. From the 

literature, there is evidence that the flow pattern is sensitive to the cylinder aspect ratio 

and boundary layer thickness relative to the cylinder height. Therefore, the aspect ratio . 

was varied from 3 to 9 by changing the cylinder height while keeping the boundary 

layer height to cylinder diameter ratio constant at 2.5. For the higher aspect ratio 

cylinders, results indicate that there are streamwise vortical structures near both ends of 

the circular cylinder with the vortex pair near the tip of the cylinder much stronger than 

near the base. As well, thermal anemometry measurements show that the periodicity of 

the wake weakens near the cylinder ends, with the peak of the power spectrum of the 

velocity fluctuations being more broadbanded. This suggests that there is indeed a 
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complicated streamwise vortex structure near the free end that is likely composed of 

inclined Karman vortices interacting with a strong downwash flow. The strong 

downwash flow toward the ground plane in this region would act to increase the 

vorticity of the inclined Karman vortices while moving the vortices toward the ground 

plane as they travel downstream. The circulation of the vortex structures becomes 

weaker downstream and the structures grow in size as additional fluid is entrained. 

There is also a slight spreading of the tip structures as they travel downstream. When 

the cylinder aspect ratio is reduced to 3, the lower vortical structures disappear while 

the strong tip vortex structures remain and a vortex shedding peak is still present in the 

power spectrum ofvelocity fluctuations very near the ground plane. 
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Chapter 1

Introduction

1.1 Circular Cylinders in Engineering and Nature 

Circular cylinders in a cross-flow have been a topic of research for over a hundred 

years, both for their practical and fundamental importance. Practically, circular 

cylinders exist in many engineering and industrial applications such as offshore 

platforms, power lines, bridge supports, and heat exchangers. In the design of these 

structures, knowledge is needed in general of the forces, frequencies, heat transfer, and 

flow behaviour. Many of the previous studies have examined two-dimensional flow 

around a circular cylinder that is free of end effects. In this situation, slender bodies 

exhibit alternating vortex shedding causing large fluctuating pressure forces that can . 

lead to noise, vibration, or even structural failure when the vortex shedding frequency 

coincides with the bodies' own natural frequency. For example, vortex shedding was 

deemed partially responsible for the collapse of the Tacoma Narrows Bridge in 

Washington State, 1940 (Koughan, 1995). Problems related to vortex shedding have 
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not been resolved since then. For example, in the year 2000 vortex shedding 

contributed to the near collapse of Gustavus Adolphus Chapel steeple in Minnesota 

(Chiles, 2002). 

When a cylinder is standing in a flat-plate boundary layer, a more complex 

three-dimensional flow field develops. A horseshoe vortex forms at the cylinder-wall 

junction that has practical importance in applications such as bridge supports and hence 

it has been the focus of numerous studies. The horseshoe vortex can cause material 

removal, or scour, at the base of the cylinder, which can lead to the failure of the pier or 

bridge pylon. 

A third element of complexity is added when the cylinder has a free end exposed 

to the flow. Despite the relatively simple geometry, the flow structure near the free end. 

of a circular cylinder is not well understood. In the past, there have been a number of 

measurements of the aerodynamic forces, surface pressures, and wake periodicity. 

However, there have been few studies that have measured the wake velocity field 

downstream of the cylinder tip. Thus, there is disagreement in the literature as to the 

existence of a pair of counter-rotating trailing vortices near the free end. Similar· 

vortices are known to exist whenever a lifting surface, such as a wing, terminates in a 

fluid and cause undesirable effects in rotorcraft and fixed wing aircraft. With propellers 

and helicopter rotors, each blade sheds a tip vortex. As the following blades pass 

through the vortex, they are exposed to a spatially and temporally varying velocity field. 

This results in a rapidly changing force on the blades leading to noise and premature· 

fatigue failure. In high air traffic areas, aircraft may encounter trailing vortices of other 
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airplanes, which can cause a rapid variation of the forces on the lifting surfaces and a 

loss of control. 

The primary aim of the research described in this thesis was to study 

experimentally, the flow around a circular cylinder with a free end. The emphasis was 

on clarifying the flow field in the wake of the cylinder, particularly near the free end, 

which was done mostly through extensive measurements of the wake velocity field. 

The benefits of this research are two-fold. First, the geometry of the problem is perhaps 

the simplest three-dimensional bluff body possible and so the flow is of fundamental 

importance. By clearly understanding the flow around a simple three-dimensional 

structure, it will be possible to apply that knowledge to more complicated situations. 

Second, as with previous cylinder studies, the flow is of practical importance in 

engineering. Like two-dimensional cylinders in cross-flow, circular cylinders with free 

ends are also susceptible to flow-induced vibration. For example, with a submarine· 

periscope a greater length is desirable to see the enemy, but the length is limited 

because of vibration. Another potentially important application of the research is 

smokestacks. The purpose of a smokestack is to drive the pollutants up so they may 

disperse, but at the tip of a smokestack there may actually be flow structures which tend 

to bring the pollutants toward the ground. By better understanding this flow, there may 

be an opportunity to increase the effectiveness of pollutant dispersal (Cain et al., 1993). 

An understanding of the flow will be useful in other applications as well, such as 

antennas, buildings, cooling towers, pin-fins, and others. 
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1.2 Objective of the Study 

The primary purpose of this study is to provide a better understanding of the flow 

around a finite-length circular cylinder with a free end, particularly near the tip. 

Measurement techniques used by other authors include flow visualization, surface 

pressure measurement, mean and RMS force measurement, oil film, and single 

component hot-wire velocity measurements. The results from these studies show 

general agreement, but the interpretations of the data do not. Since a wealth of 

information exists from these previous studies, a new measurement technique was 

desired which could measure velocities in the wake and provide some insight into the 

flow behaviour. Therefore, the main focus of the research is on results obtained using a 

seven-hole pressure probe, capable of measuring the time-mean velocity vector in 

relatively high-angle three-dimensional flows. This technique provides a field of 

velocity vectors, which allows a better understanding of the fluid behaviour to be 

obtained. 

In order to compare results with previous studies and because of limitations with 

experimental hardware, only flow in the subcritical Reynolds number regime was 

investigated. While engineering applications with circular cylinders may vary from 

very low to very high Reynolds numbers, subcritical conditions exist over the widest 

range of Reynolds numbers. Each Reynolds number regime and associated changes in 

the flow will be discussed in the next chapter. From examining previous literature, it 

was apparent that the flow behaviour is also highly dependent ort the length-to-diameter 

ratio of the cylinder, referred to as the aspect ratio. A range of aspect ratios was tested 

that spans the range where the largest variations in flow patterns are seen. In comparing 
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the results to previous work, it is important to consider the number of variables that can 

differ between experiments. The Reynolds number, boundary layer height and profile, 

turbulence intensity, cylinder geometry and surface finish, and the measurement 

technique itself can all influence the flow behaviour. 

The seven-hole probe was the primary method of measurement, but other 

techniques were used to provide additional insight into the fluid behaviour. The 

periodic nature of the flow and its variation along the cylinder span were investigated 

using thermal anemometry. This technique has been used by others in the past and 

provides a good deal of information about the formation of vortices in the cylinder 

wake. The mean forces acting on the cylinder were also measured and compared to 

other studies. 

1.3 Outline for the Thesis 

The thesis begins in Chapter 2 with a review of the flow around a two-dimensional 

circular cylinder flow. There have been hundreds of studies of this flow, and the 

information presented here is not intended to be a complete summary. Instead, it is 

included as an object for comparison to the three-dimensional finite circular cylinder 

results. For this reason, detailed information has been presented about the subcritical 

regime, which corresponds to the Reynolds numbers of the finite-cylinder experiments. 

The flow around a finite-length circular cylinder with a free end is then examined, with 

a review of past authors' results. The disagreement between these studies is presented 

which forms the basis for continuing work in the area. 
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In Chapter 3, the details of the experimental apparatus and procedure are 

presented. The wind tunnel facility and associated hardware are introduced. Wing and 

cylinder models and the measurement techniques are described. The focus is towards 

the seven-hole pressure probe, a measurement instrument that has not been used before 

in this application. Two calibration methods are discussed and compared followed by 

the procedure used for testing the probe. Finally, the details of post-processing and 

programming are presented. 

In Chapter 4, the experimental results are presented and discussed. These 

experiments include boundary layer characterization, seven-hole probe wake 

measurements, wake frequency results, and force measurements. The findings are 

compared with the results from previous studies in an attempt to better understand the 

flow. 

The thesis concludes in Chapter 5 with a summary of the knowledge gained and 

recommendations for future work. 

6



Chapter 2

Background and Literature Review

2.1 Flow Around a Two-Dimensional "Infinite" Circular Cylinder 

A two-dimensional circular cylinder immersed in a steady cross-flow is a well-studied 

classical problem in fluid mechanics (Figure 2.1). A wealth of information about the 

flow behaviour has been presented recently by Chen (1987), Coutanceau and Defaye 

(1991), Williamson (1996), Zdravkovich (1997, 2003), and others. Since three

dimensional flow around a finite-length circular cylinder exhibits many of the same 

flow structures as flow around an "infinite" cylinder, the two-dimensional case will be 

reviewed in this section. 

The cylinder is sometimes referred to as having "infinite length" because the 

flow is free of end effects. Hence, the wake structure, properties, and velocities do not 

change along the cylinder span. Of course, in reality, there are no infinitely long 

cylinders, but two-dimensional flow may still exist in the laboratory with the use of end 

plates as shown in Figure 2.2 (Szepessy, 1993) and in many engineering applications. 
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where long slender cylinders are found. The end plates remove boundary layers from 

wind tunnel walls to make the flow around the cylinder nearly two-dimensional. 

Cylinder 

\ 

Boundary layer Vortex fonnation 
separation Near-wake region 

Figure 2.1 Karman vortex formation and shedding from an "infmite" cylinder 

In practical applications, two-dimensional flow will occur around objects such . 

as power lines or cables. Here the central span of the cylinder is so far from the ends 

that end effects are negligible and the flow is essentially two-dimensional. The flow is 

defined by the diameter of the cylinder, D, the freestream velocity, U, and the fluid 

properties of density and dynamic viscosity, given the symbols p and f.l, respectively. 

These variables form the dimensionless group called Reynolds number, ReD = pUD , a 
f.l 

ratio of inertial forces to viscous forces. The flow around the cylinder is also dependent 

on freestream turbulence intensity and the surface roughness. 

As mentioned previously, two-dimensional circular cylinder flows have been 

well studied because of the phenomenon of vortex shedding. This process, which will 

be discussed further in the next section, occurs for a wide range of fluid speeds, 

properties, and cylinder sizes. As the boundary layer from the cylinder surface 
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separates, the resulting shear layer becomes unstable. It then rolls up into a vortex in 

the wake region and the vortex is eventually shed from the cylinder (Figure 2.1). The 

shear layer from the opposite side of the cylinder then repeats the process, and a vortex 

with an opposite sense of rotation is shed downstream. The arrangement of alternating 

vortices traveling downstream in the cylinder wake is called a Karman vortex street. 

This alternating vortex formation can cause alternating pressures and forces on the 

cylinder, which can cause severe problems especially when the vortex shedding 

frequency corresponds to a resonant frequency of the body. 

~-

Endplate 

D 

U, J.l,p \Nake region 

Figure 2.2 Use of end plates to create two-dimensional flow around a circular 

cylinder in a wind tunnel 

The formation of vortices is characterized by the shedding frequency and the 

vortex formation length. The vortex shedding frequency is non-dimensionalized as the 

8trouhal number, 8t = fDID where f is the shedding frequency in Hz. It has been 

demonstrated experimentally that the 8trouhal number remains nearly constant over a 

wide range of Reynolds number. The vortex formation length is a measure of the 
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distance downstream of the cylinder where the shear layers become unstable and roll up 

into vortices. There are several definitions used by other authors when experimentally 

determining the vortex formation length (Noca et al., 1998). In this paper, the 

maximum longitudinal turbulence intensity, TI = uRMS/u along the central plane of the 

wake was used to define the vortex formation length, where URMS and u are the RMS 

and mean streamwise components ofvelocity, respectively. 

2.2 Regimes of Two-Dimensional Flow Around a Circular Cylinder 

The phenomenon of vortex shedding from a circular cylinder occurs for a wide range of 

Reynolds numbers; however, at certain Reynolds numbers, vortex formation may cease 

and other changes in the flow patterns occur. The flow has been divided into different 

Reynolds number regimes by various authors, such as Coutanceau and Defaye (1991), 

Williamson (1996), and Zdravkovich (1997), according to the boundary layer 

characteristics on the cylinder, aerodynamic forces, vortex formation, and flow 

structure. In the following sections, each of these regimes is briefly reviewed. For later 

comparison with finite-length cylinder results, the subcritical flow regime is discussed 

in more detail. This flow regime corresponds to those of the finite cylinder experiments 

undertaken in this study. While much research has been done in the subcritical flow 

regime, many practical engineering flows occur in the critical, supercritical, and 

transcritical regimes, which are more difficult to attain in a wind tunnel. In addition, it 

should be noted that the exact Reynolds number limits of the regimes depends on the 

experimental conditions such as the freestream turbulence and the surface roughness. 
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2.2.1 Creeping Flow, ReD < 5 

When the Reynolds number is very low, viscous forces dominate and the boundary 

layer on the cylinder wall does not separate. As a result, the flow is nearly symmetrical 

upstream and downstream and no vortex shedding occurs (Figure 2.3). As the Reynolds 

number increases throughout the regime, the wake region is stretched downstream. 

u 
~

Figure 2.3 Creeping flow regime at ReD < 5 

2.2.2 Attached Eddies, 5 < ReD < 40 

In this regime, the flow begins to separate from the wall of the cylinder with the 

separation point moving upstream with Reynolds number to approximately 80° from the 

front stagnation point. A recirculation zone is formed composed of two oppositely 

signed attached steady vortices (Figure 2.4). 

U 
____��_

Figure 2.4 Attached eddies flow regime at 5 < ReD < 40 

2.2.3 Laminar Vortex Shedding, 40 < ReD < 350 

As the Reynolds number is increased further, the attached eddies become unstable and 

an oscillation in the shear layers develops. The oscillation magnitude grows with 

Reynolds number until the sudden commencement of alternate vortex shedding. Then 

the shear layers roll up alternately into vortices. These vortices are shed into the wake 
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fonning two rows of oppositely signed vortices known as a Karman vortex street 

(Figure 2.5). The Reynolds number at which this occurs is sensitive to experimental 

conditions such as surface roughness and perturbations in the incoming flow. As the 

Reynolds number increases past Reo = 150, the shear layers begin to transition to 

turbulence before they roll up and some authors have sub-divided the regime at this 

point. This results in a discontinuity in the 8trouhal frequencies at Reo = 180 - 190, 

which may depend on whether the Reynolds number is increasing or decreasing. A 

second discontinuity occurs at Reo = 230 - 260, depending on experimental conditions, 

as a result of three-dimensional flow structures in the wake (Williamson, 1996). 

u --..... 

Figure 2.5 Laminar vortex shedding regime at 40 < ReD < 350 

2.2.5 Subcritical Regime, 350 < ReD < 2xl05 

Coutanceau and Defaye (1991) identified ten flow regimes in the range 0 < Reo < 107
• 

They described the range from 2,000 < Reo < 1.5-2xl04 as Regime 7, characterized by 

a laminar boundary layer before separation and a quasi-constant separation angle of 

approximately 80° measured from the front stagnation point (Figure 2.6). This is 

considered part of the subcritical regime, which can extend from 350 < Reo < 2xl05
• 

In the subcritical regime, the transition waves in the two shear layers that border 

the wake become adequately large and roll up into small-scale vortices. The small-scale 

vortices are carried downstream by a fully turbulent Karman vortex street with a nearly 

constant 8trouhal number of 8t ~ 0.20. As the Reynolds number increases, the small
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scale vortices gain strength resulting in a decreasing vortex formation length. A shorter 

vortex formation length is associated with a larger vortex shedding frequency and 

slightly increased drag. The drag coefficient (CD) is typically 1.2, where 

Cn = Fn and Fo is the mean drag force and A is the cylinder frontal area. For a 
!ApU 2 

2 

smooth cylinder, skin friction drag contributes 1-2% to the total drag while pressure 

drag is responsible for the remaining 98% (Achenbach, 1968) 

Willamson (1996) designated the region from Reo = 1,000 to 2xl05 as the shear-

layer transition regime in which the vortex shedding behaviour remains relatively 

constant. While this flow is nominally two-dimensional, in practice there exist three-

dimensional structures in the separated shear layers as well as three-dimensional 

structures on the scale of the Karman vortex street (Williamson, 1996). 

u

Figure 2.6 Subcritical flow regime at 350 < ReD < 2xl05 

2.2.6 Critical Regime, 2xl05 < ReD < 7xl05 

In the vicinity of Reo = 2x105
, known as the critical Reynolds number, transition to a 

turbulent boundary layer occurs after separation. The fluid is then able to reattach to the 

cylinder as mixing in the boundary layer is increased, providing momentum transfer to 

the near-wall fluid. The flow behaviour then changes rapidly and is sensitive to 

perturbations in the flow caused by surface roughness, freestream turbulence, and other 

disturbances. As such, the separation bubbles that form on the cylinder's surface may 
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become unstable and asymmetrical leading to an angled wake and a small lift force 

(Figure 2.7). The separation point moves downstream resulting in a decrease in wake 

width and drag. The minimum wake width occurs near Reo = 3x105 (known as the 

critical Reynolds number) with a corresponding decrease in the drag coefficient from 

Co = 1.2 to 0.3 and an increase in the 8trouhal number from 8t = 0.20 to 0.46. 

u

Figure 2.7 Separation bubbles in critical flow at 2xl05 < ReD < 7xl05 

2.2.7 Supercritical Regime, 7xl05 < ReD < 3.5x106 

At the lower end of this regime, the flow is symmetric with a separation-reattachment 

bubble on either side of the cylinder. Organized vortex shedding ceases and as the 

Reynolds number is increased, the separation bubbles burst. The drag coefficient 

increases to Co = 0.5 to 0.7 (Coutanceau and Defaye, 1991). At higher Reynolds 

numbers, the flow becomes turbulent before the initial separation and separation 

bubbles no longer exist (Figure 2.8). 

u 

Figure 2.8 Disappearance of vortex shedding in supercritical regime, 

7xl05 < ReD < 3.5x106 
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2.2.8 Transcritical Regime, ReD> 3.5xl06 

In this regime, the boundary layer is fully turbulent before separation. No separation 

bubbles exist and the separation point occurs at Os = 110° from the leading stagnation 

point. The wake width increases slightly with a corresponding increase in drag . 

coefficient to CD = 0.50 - 0.70. Turbulent vortex shedding commences with a quasi-

constant 8trouhal number 8t = 0.30. The flow is sensitive to disturbances and thus there 

is a large amount of scatter in the data for this regime (Figure 2.9). 

U 
__��_

Figure 2.9 Resumption of vortex shedding in transcritical regime, ReD> 3.5xl06 

2.3 Introduction to Flow Around a Finite Circular Cylinder 

Flow around a finite-length cylinder is perhaps a more realistic situation, in terms of 

real life applications, compared to two-dimensional flow with end plates (Figure 2.2). 

Here, the effects of end conditions are very significant and so the flow is three-

dimensional. The topic of study in this research is flow around a cylinder where the 

cylinder is mounted normal to the wall and extends through the boundary layer 

developing on the wall, characterized by its thickness, D. The free end of the cylinder is 

exposed to the incoming freestream and the base of the cylinder, known as the cylinder-

wall junction, is exposed to the boundary layer flow (Figure 2.10). The cylinder is 

defined by its length, L, and diameter, D, or the aspect ratio, AR = LID. A coordinate 
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system with the origin at the junction of the cylinder axis and the ground plane is used 

with coordinate directions x (downstream), y (cross-stream), and z (vertical). 

D 
Boundary U 
layer 
velocity 
profile 

Figure 2.10 Finite length cylinder standing in a boundary layer 

First, the lower end of the cylinder in the boundary layer is considered. Due to the 

importance of cylinder junction flows in applications such as bridge piers, the flow in 

this region was been studied with finite cylinders by Agui and Andreopoulos (1992), 

Graf et al. (1998), and others. In the incoming flow, the fluid near the wall has a lower 

velocity than the flow immediately above it because of the no-slip condition at the wall. 

This makes the fluid recirculate at the leading edge of the cylinder, as shown in Figure 

2.11. 
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Figure 2.11 Flow recirculation at cylinder / ground plane junction 

The fluid is then swept around the cylinder base, rotating and rolling up into a 

horseshoe (also called necklace) vortex (Figure 2.12). This structure may tend to lift 

away from the ground plane downstream as the wall boundary layer separates in the 

presence ofan adverse pressure gradient. 

Figure 2.12 Horseshoe vortex in the wake of cylinder-wall junction 

If the cylinder is long enough to have a central region that is relatively free of 

end effects, there will still be a nearly two-dimensional region where alternating 

Karman vortices are formed (Figure 2.13). 
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Figure 2.13 Karman vortices on central span of fmite cylinder 

Finally, the free end of the cylinder is considered, which is the focus of this 

study. The flow structure in this region is not well understood. There are two 

competing theories in the literature, which will be examined in detail in the following 

sections. The first theory proposes that a pair of counter-rotating trailing vortices exists 

near the cylinder tip (Figure 2.15). Vortex structures fonning near the tip have been 

thought responsible for end-ceIl-induced vibration that occurs at Reynolds numbers 

higher than vibration caused by Karman vortices (Kitagawa et al., 1997, 2001, 2002). 

The fonnation of these vortices begins upstream as the flow inclines slightly to flow 

over the free end, called upwash (Figure 2.14). As the flow passes over the cylinder tip, 

it is brought down into the low-pressure central wake region, called downwash. This 

combination of upwash flow on the sides and downwash flow in the centre rolls up into . 

two counter-rotating trailing vortices. 
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\Downwash 

Figure 2.14 Formation of trailing vortices near free end 

The entire wake structure appears as shown in Figure 2.15. If trailing vortices 

do exist, it remains to be determined how the alternating vortex shedding interacts with 

a quasi-stationary tip vortex structure. 

Figure 2.15 Entire wake structure with tip vortices 
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The second theory suggests that no trailing vortices exist. Instead, the formation 

of the Karman vortices is delayed near the tip, causing them to be inclined and attach to 

the cylinder near the free end (Figure 2.16). Since a vortex filament cannot end in a 

fluid, the Karman vortices that are no longer attached to the cylinder must be linked to 

the upstream Karman vortices, shed later (Johnston et al., 1998). One end of the vortex 

nearest the cylinder attaches onto the cylinder sidewall and the other end attaches to the 

groundplane (Okamoto and Yagita, 1973) 

Figure 2.16 Inclined and attached Karman vortex near the free end 

When the cylinder aspect ratio is reduced to below AR < 2.5 (Sakamoto and ' 

Arie, 1983) or possibly AR < 4 (Okamoto, 1991) a drastic change in the wake structure 

may take place. Cylinders of these dimensions may be found as grain bins or tanks 

commonly used to hold petroleum products, where wind load can become troublesome 

if the tanks are empty. The formation of trailing vortices and Karman vortices may 

cease and arch vortices may form, as shown in Figure 2.17 adapted from Lee and Wang , 
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(1997). Here the shear layer from the free end plays a critical role as the shear layers 

from all sides of the cylinder roll up simultaneously to form an arch structure. 

~

Figure 2.17 Arch vortex formation 

2.4 Literature Review 

There have been numerous studies of flow near the free end of a circular cylinder, and 

yet the results are inconclusive. Typically, authors have performed experiments in the 

subcritical regime and measured the mean and RMS cylinder forces, surface pressure 

distribution, and wake periodicity. These investigations generally produce the same 

results, but the results have been interpreted differently. Even flow visualization work· 

using dye injection or tracer particles has been inconclusive, with some authors 

reporting trailing tip vortices and others not. Some work has been done to 

quantitatively measure the wake velocity field, but more research is needed to 

determine the flow structure. In the following sections, the results of these studies are 

presented and compared. 
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2.4.1 Approach Flow 

Park and Lee (2000) examined circular cylinders with aspect ratios AR = 6, 10, and 13 

with Reynolds numbers, ReD = 2x104
• They reported that as the flow approaches the 

cylinder tip, it accelerates upward and separates from the leading edge of the free end. 

Kawamura et al. (1984) also reported the existence of upwash flow approaching the tip 

region. 

2.4.2 Separation 

According to Etzold and Fiedler (1976), the flow separates from the side of the cylinder 

at an oblique angle of approximately 85° to the cylinder axis. Many authors have 

observed that the separation line is further upstream than in the two-dimensional case. 

Okamoto et al. (1973) attributed the earlier separation to increased base pressure due to 

flow over the free end. Kawamura et al. (1984) argued that the shift is caused by a 

decrease in acceleration at the side wall, which promotes separation. The loss of 

acceleration is a result of the three-dimensionality of the flow and causes a lower 

separation velocity than in the two-dimensional case. While generally separation occurs 

earlier, it is delayed near the free end starting -2 diameters from the tip as shown in the· 

oil film visualization by Fox et al. (1993) and confinned by many other studies. Luo 

(1993) reported that the flow separates from the sidewall at 80° from the forward 

stagnation point, but may be delayed to 90° near the free end. 

The flow that separates from the free end of the cylinder mayor may not 

reattach to the end surface. Kawamura et al. (1984) noted that for a cylinder of aspect 

ratio AR = 8, the flow separates from the leading edge and reattaches to the cylinder's 
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end surface. For AR = 4 there was no definite reattachment. They attributed this to a 

more negative minimum base pressure at the tip with increasing aspect ratio. The end 

shear layer curvature increases with higher aspect ratios, facilitating reattachment. 

They also found that when the cylinder is completely immersed in the boundary layer, 

reattachment occurs due to the mixing effects of turbulence~ The latter observation 

reveals the sensitivity of the flow to the ratio oiL, something which has not been 

extensively studied. Within the separation zone, Roh and Park (2003) used oil film 

visualization on the free end surface to show two spiral nodes and complex vortical 

flow patterns. 

2.4.3 Surface Pressure 

Generally, the surface pressure distribution is consistent between various studies; 

however, the interpretation of the pressure variation changes. Fox and West (1993a) 

measured the pressure at various circumferential and spanwise positions for a circular 

cylinder of aspect ratio AR = 7. The pressure around the circumference is similar to the 

two-dimensional case with a separation point followed by a partial recovery of pressure 

in the wake. Irregularities in the pressure near the free end after separation are reported 

to be due to the trailing vortices. The pressure is always less negative than in the two

dimensional case due to downwash from the free end and the pressure increases away 

from the free end. 

Park and Lee (2000) reported that the increasing pressure away from the tip is 

due to the decreasing influence of downwash and the more dominant vortex shedding 

from the cylinder sides. Luo (1993) stated that the shear layer separated from the free 
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end delays the interaction of the side shear layers. Away from the free end this delay is 

longer and is equivalent to a longer vortex formation length and hence less negative 

wake pressure. 

Okamoto and Sunabashiri (1992), who reported the change from arch to Karman 

vortices at AR = 4, measured surface pressure on instrumented cylinders of AR = 1 and 

AR = 7. For both cylinders, the stagnation pressure coefficient near the free end was 

less than unity likely due to a spanwise velocity component. For the cylinder of aspect 

ratio AR = 1 the pressure varied little along the span in the range 0° < as < 60°, 

measured from the front stagnation point, except near the free end. In the range 60° < as 

< 180° the pressure did vary across the span due the downwash in the wake. This was 

true for aspect ratios AR < 5 because the free end effect extends to the base of the 

cylinder. For aspect ratios AR > 5 there existed a nearly two-dimensional portion near 

the base where the pressure did not vary in the spanwise direction at any circumferential 

position. Okamoto and Yagita (1973) observed that the pressure in this portion is larger 

than in the two-dimensional case, but approaches the two-dimensional case as aspect 

ratio increases. There is a low-pressure zone located at as = 70°, 0.5 diameters from the 

free end for both aspect ratio cylinders. Zdravkovich (2003) reports that this low

pressure zone is caused by the delay in separation near the tip and is comparable to the 

low-pressure region caused when separation bubbles form on a two-dimenional 

cylinder, forcing the separation point downstream. There is also a depression located· 

0.5 diameters from the free end at as = 140° (and 220°) from the stagnation point. 

Okamoto and Yagita (1973) reported that this second set of depressions is located 

where the ends of the Karman vortex filaments are attached to the cylinder wall (Figure 
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2.16). With the cylinder of aspect ratio AR = 1 no depressions are present, suggesting 

the disappearance of Karman type vortices. Kitagawa et al. (2002) argued that both 

pressure minima are related to a tip-associated vortex, which may be responsible for 

end-cell-induced vibration. Kawamura et al. (1984) agreed that the pressure minima 

indicate the origin of symmetrical trailing vortices, but did not explain why the 

depression is not present in cylinders of aspect ratio AR < 4 even though they predicted 

a trailing vortex in that situation. Fox et al. (1993) reported that no trailing vortices 

exist with cylinders of small aspect ratios, although they support the theory of trailing 

vortices for higher aspect ratio cylinders. 

Fox and West (1993b) found that the RMS surface pressure is always lower than 

the two-dimensional case. The pressure distribution changes behaviour at a distance of 

7D from the free end for a cylinder of aspect ratio AR = 30 (much higher AR than in the 

present study). At distances from the free end z'/D < 7, where z' is the distance along 

the span measured from the free end (Figure 2.10), the RMS pressure at every angular 

position decreases with increased distance from the free end. Fox and West (1993b) 

stated that this is caused by downwash flow from the tip. This flow also forces the 

vortex formation region downstream resulting in nearly constant wake pressure near the 

tip. When z'/D > 7, the RMS lift and drag increase and the effect of downwash is 

reduced as the distance from the tip is increased. At a distance of 20D away from the 

tip and towards the base the free end effects are no longer significant. 
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2.4.4 Cylinder Forces 

The mean drag coefficient of the finite cylinder is always lower than the infinite 

cylinder due to flow over the tip, which increases the pressure in the near wake. With 

cylinders of small aspect ratio, there is a more complete recovery of pressure after 

separation since the effect of the downwash is stronger over the entire span; thus, the 

drag coefficient decreases with decreased aspect ratio. Fox and West (1993a) 

performed experiments on cylinders with aspect ratios ranging from AR = 4 to 30. 

Their experiments showed a distinct change in mean pressure distribution, which is 

closely linked to the drag force, at aspect ratio AR = 13. For AR < 13 the local drag at 

some distance from the tip is highly dependent on the aspect ratio of the cylinder; 

however for AR > 13 the drag at any location is relatively independent of aspect ratio. 

For AR < 13 the local drag is maximum near the tip and decreases quickly along the 

span until-4 diameters from the tip, after which it is nearly constant. For larger aspect 

ratios AR > 13, the local drag coefficient begins to increase at distances over 4 

diameters from the tip, reaching the infinite cylinder value at z'/D ~ 20. 

Baban et ai. (1989) measured the cylinder forces and wake velocity 

simultaneously to allow correlation between vortex shedding and flow-induced forces. 

They concluded that there are two different mechanisms responsible for fluctuating lift 

and drag. As with the two-dimensional cylinder, alternating vortex shedding is 

responsible for the fluctuating lift force. The RMS lift decreases toward the free end 

since the Karman vortices are interrupted by the three-dimensional tip flow in that 

region. The tip flow causes an unsteady recirculating flow, resulting in unsteady drag, 

which is greatest in the tip region and decreases monotonically along the span. In the 
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tip region the RMS drag is much larger than the RMS lift; however, if a two

dimensional region exists near the base, the RMS lift will exceed the RMS drag in that 

area. 

2.4.5 Vortex Shedding 

As mentioned above, the highly three-dimensional tip flow interrupts Karman vortex 

shedding near the free end. Lee and Wang (1987) traversed a hot-wire anemometer in 

the wake to measure the vortex shedding frequency. They reported that for cylinders 

with AR > 7, the vortex shedding is interrupted near the free end and there exists a 

dominant frequency that does not change with aspect ratio. Between 2D and 4D from 

the tip the shedding frequency increases and remains constant along the rest of the span. . 

For smaller aspect ratio cylinders, AR < 7, they detected no dominant frequency within 

3.5 diameters from the tip. At distances greater than 3.5 diameters, the vortex shedding 

is constant with a Strouhal number of St = 0.14. For cylinder of aspect ratio AR < 3, 

they did not detect any vortex shedding. 

Ayoub and Karamcheti (1980) examined flows at high subcritical and 

supercritical Reynolds numbers. They detected a fundamental tip frequency that differs 

from the frequency of vortex shedding further along the span and corresponds to a 

lower Reynolds number. They noted that the tip vortex shedding can be intermittent, 

with the frequency varying at different times. 

Park and Lee (2000) made hot-wire measurements at Re = 2x104 in the wake of 

circular cylinders with aspect ratio AR = 6, 10, 13. They reported that the vortex 

shedding frequency and power spectrum peak decrease as the free end is approached. 
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At the very tip of the cylinder, they detected a dominant 24 Hz signal, which was 

unchanging with aspect ratio. Using two hot-wires they showed that the signals from 

either side of the cylinder are in-phase with one another and postulated that this 

dominant frequency is caused by longitudinal trailing vortices. Park and Lee (2000) 

also noted that the shedding frequency tends to decrease with decreasing aspect ratio. 

Budair et at. (1991) performed a detailed hot-wire investigation in the wake of a 

circular cylinder in the subcritical Reynolds number regime. They divided the flow into 

four regions based on spanwise distance from the tip. (i) A region within 2D of the tip 

where vortex shedding occurs at a frequency lower than with a two-dimensional 

cylinder. (ii) A non-shedding region where the frequency components are in-phase with 

each other at symmetrical positions across the wake centre-plane. This region is 

adjacent to the first and extends approximately another 2D along the span. (iii) A 

wideband region where the central frequency increases away from the tip. The 

spanwise range of this region varies with streamwise position. (iv) A nearly two

dimensional region where the vortex shedding frequency is constant. 

Fox and West (1993b, 1993c) took a different approach to measuring vortex 

shedding frequency. They analyzed the fluctuating pressure on the cylinder surface and 

found that the Strouhal number obtained from the pressure fluctuations has a step-like 

distribution along the span. They suggested that the stepwise change in St in the region 

within 6 diameters from the tip is due to the high vorticity of the free end flow. The tip 

effects extend to a distance of 15 diameters from the free end. There is then a 

discontinuity, after which the Strouhal number has a constant value. In the first cell 

nearest the tip, the power spectrum of the pressure fluctuations shows two peaks, the 

28



smaller one likely being due to twin trailing vortices. Fox and West (1993b) concluded 

that the vortex shedding results are dependent on th~ aspect ratio, Reynolds number, 

and the method ofmeasurement. 

2.4.6 Wake Structure 

From data collected on surface pressure distribution and cylinder forces, speculations 

can be made about the wake structure and the presence of trailing tip vortices. Still, 

there is a great deal of uncertainty in the wake structure near the free end, partly due to 

the lack ofwake velocity measurements. 

Etzold and Fiedler (1976) visualized the flow around cylinders at ReD = 3xl04 

and proposed that the flow is analogous to obliquely separating flow over a delta wing, 

which produces longitudinal trailing vortices. The cylinder wake is more complex, 

however, and is composed of four conical vortex sheets. The first vortex pair is a set of 

counter-rotating stationary streamwise vortices located near the cylinder's free end. 

The second vortex pair originates along the cylinder's sidewall. Along the span they 

are shed periodically similar to the two-dimensional Karman vortex street, but near the 

tip they are stationary and are curved downstream to align with the streamwise direction 

and therefore have the opposite sense of rotation to the first pair. 

Using smoke-wire visualization and velocity measurements in the wake, 

Kawamura et al. (1984) also detected the presence of counter-rotating trailing vortices 

at ReD = 3.2 x 104
• These vortices originate at the location ofpeak negative pressure on 

the rear surface of the cylinder from a rolling up of the downwash flow over the end and 

the upwash flow from the sidewall (Figure 2.14). The trailing vortices suppress the 
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Karman vortex street to a distance of 4 diameters from the free end. Kawamura et al. 

(1984) proposed a critical aspect ratio (AR)crit == 4. Below (AR)crih the influence of the 

trailing vortex extends over the entire cylinder span and Karman vortex street is 

suppressed. Above (AR)crit there exists a nearly two-dimensional portion where 

alternating Karman vortexes are formed. 

Park and Lee (2000) visualized the flow using a particle tracer method with a 

cylinder of aspect ratio AR = 5. They noted that the trailing tip vortices are of similar 

size and are nearly symmetrical across the central plane of the wake. They assumed 

that the downwash is caused by the trailing vortices. The downwash entrains large 

amounts of irrotational ambient fluid, which affects vortex formation behind the 

cylinder and increases the vortex formation length. As the vortices travel further 

downstream, they increase in size and shift downwards slightly. 

Okamoto (1991) and Okamoto and Sunabashiri (1992) observed the change 

from arch to Karman vortices at AR = 4 for a cylinder in a boundary layer much smaller 

than the cylinder height. They claimed that the wake patterns may be divided into two 

categories: (i) where AR < 4 and the downwash from the free end is dominant, and (ii) 

where AR > 4 and the effect of downwash disappears. This is related to the size of the 

recirculation region, which was reported by Okamoto (1991) and others. For small 

cylinders, the flow over the top of the cylinder will reattach to the ground plane. This 

reattachment length enlarges as the aspect ratio increases until AR > 4 and then 

decreases in size. Since significant end effects only extend four diameters from the tip, . 

when AR > 4, the downwash at the base of the cylinder decreases in strength and 

reattachment of the end flow does not occur. Okamoto (1991) reported the change from 
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arch to KallIUin vortices at AR = 4. It is apparent that the change may occur at AR = 

2.5 (Sakamoto and Arie, 1983) since Okamoto (1991) only investigated AR = 0.5, 1, 2, 

4 and 7. 

Recently Johnston et al. (1998) performed flow visualization experiments 

showing that the Karman vortices are inclined near the tip of the cylinder, confirming 

Okamoto's earlier results (1973). Johnston et al. (1998) note that this area requires 

further investigation. 

Tanaka and Murata (1999) measured the three-dimensional mean velocity in the 

wake of the cylinder at Reo =3.7x104 and AR = 1.25, 2.5, 5 and 10. The downwash 

from the tip occurs for all aspect ratios; however, it only reaches the vicinity of the 

ground plane for smaller aspect ratios. The downwash appears quite significant for 

distances up to 5-6 diameters from the tip. For small aspect ratios, there is a 

concentration of vorticity that extends from the tip of the cylinder to the ground plane. . 

The concentration tends to be lower and extend further laterally than with higher aspect 

ratios. For larger aspect ratios, there is a concentration of vorticity 3-4 diameters from 

the tip with weaker concentrations extending downwards in what they call an "ear-lobe 

vortex" pattern. Another set of vorticity concentrations is present close to the ground 

plane. Surprisingly, these vortices have the opposite sense to horseshoe vortices 

commonly found behind bluff bodies in a boundary layer. Tanaka and Murata (1999) 

calculated the cross-stream vorticity, roy in the central plane on the wake and argued that 

if longitudinal tip vortices exist, it should be zero. This is debatable since vorticity is 

present in flows without vortices. Also, Tanaka and Murata (1999) claim that if the 

Karman vortex street is bent streamwise in the tip region, as Etzold and Fiedler (1976) . 
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suggested, some upwash in the central wake or vorticity opposite to that of the 

measured vorticity concentrations should be apparent. They concluded that no 

longitudinal tip vortex exists and the Karman vortices join each other at the cylinder tip 

before being shed. If indeed a tip vortex does exist, its strength is not sufficient to 

influence the flow. Kawamura et al. (1984), on the other hand, stated that the vorticity 

of the bent Karman vortices is much weaker than the trailing vortices and therefore their 

influence cannot be seen in the wake velocity field. Tanaka and Murata (1999) plotted 

vortex lines, which connect mean vorticity vectors and are analogous to streamlines 

connecting velocity vectors. The lines are not instantaneous positions of vortical 

structures, but signify time-averaged orientation of all wake vorticity. For high aspect 

ratios AR = 10, the vortex lines are hairpin shaped, having two "legs" and a "head" that 

is approximately 1-1.5 diameters in the spanwise direction from the tip. Just 

downstream of the cylinder, the head inclines sharply in the streamwise direction 

followed by a decrease in vortex line height. An example of these vortex lines, adapted 

from Tanaka and Murata (1999) is shown in Figure 2.18. 

z 

Figure 2.18 Vortex lines in wake of cylinder AR = 5 (Tanaka and Murata, 1999) 
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The authors stated that the pair of vorticity concentrations, ffix, seen in the y-z 

plane is not caused by trailing tip vortices, but instead is caused by a three-dimensional . 

deformation at the "head" of this arch-type vortex. The legs also incline upstream 

resulting in the lower vorticity concentrations in the y-z plane. As the vortex lines 

travel downstream, the legs spread apart and connect with the vortex lines in the 

boundary layer. As aspect ratio decreases, the vortex lines remain similar, but extend 

further in the cross-stream direction. There is also an increase in inclination of the head 

region to greater than 90° from the cylinder axis for AR = 2.5. The inverse wake region 

corresponds to the location where the inclination of the vortex line "head" is greater 

than 90°. Tanaka and Murata (1999) concluded that vortical structures shed from finite 

cylinders are essentially the same regardless of aspect ratio. They called these arch-type 

vortices, which is somewhat misleading. Since the hairpin shaped vortex lines are time 

averaged, they do not necessarily indicate the presence of a symmetrical hairpin 

vortices shed simultaneously from both sides of the cylinder, which is what previous 

authors have called arch vortices. 

Lee (1997) attempted to unify results from previous studies into a single theory. 

He reported that there are four separate flow configurations as the aspect ratio varies 

from AR = 1 to 15. They are: (i) One-cell symmetrical shedding, (ii) One-cell 

antisymmetric shedding, (iii) Two-cell antisymmetric shedding, and (iv) Three-cell 

antisymmetric shedding. One-cell symmetric shedding occurs at AR < 3 and was called 

arch vortex shedding by Okamoto (1991). The arch vortex is similar to a half-ring 

vortical structure with its ends attached to the ground plane. One-cell antisymmetric 

shedding occurs for aspect ratios 3 < AR < 6.5 and is characterized by alternating 
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Karman type vortices. This conclusion is based on the fact that vortex shedding 

frequency was constant along the span. Two-cell antisymmetric shedding is observed 

for aspect ratios 7 < AR < 12 where the shedding frequency varies along the span. In 

this configuration, a standing vortex exists at the free end that entrains the top end of the 

alternating Karman vortex. Three-cell antisymmetric shedding may occur for aspect 

ratios AR > 12. A second standing vortex system may exist near the fixed end of the 

cylinder indicated by a low pressure "eye" on the rear cylinder surface. Lee (1997) 

claimed this theory is supported by the results of Etzold and Fiedler (1976) and 

Okamoto and Yagita (1973), but admitted more work is needed to substantiate it. 

There are few reported results from the far wake region, likely because there is 

already enough complexity nearer to the cylinder. Tanaka and Murata (1999) noted that 

the flow structure tends to deteriorate as it moves downstream. Generally, as the fluid 

travels downstream there is a diffusion of vorticity and an increase in size of vortical 

structures as fluid is entrained. 

Recently Leder (2003) performed laser Doppler anemometry (LDA) 

measurements in the wake of a circular cylinder with AR = 2. He concluded that flow 

is composed of a superposition of three vortical flows: spanwise vorticity caused by 

Karman-type vortex shedding, cross-stream vorticity induced by the downwash over the 

free end, and streamwise vorticity caused by a complex tip flow structure. 

2.5 Vorticity and Vortices 

Since it is a goal of this study to determine whether vortices are present, it is important 

to examine their characteristics. A vortex may simply be thought of as rotation of fluid . 
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about a common centre (Lugt, 1983). Hence, the idea of vorticity, or the amount of 

rotation in the fluid at a point, becomes important. The angular velocity at a point in a 

fluid can be related to the gradient of the velocity. In a Cartesian coordinate system 

with directions x, y, Z, with velocity components u, v, w, the angular velocities in each 

coordinate direction, ~, are given by: 

~ = !(au 8wJ 1(fJv au)_ [2.2] ~z = 2 ax - By [2.3]
y 2 8z ax 

To remove the factor of~, some prefer to use a quantity twice as large: the vorticity, 

given by the curl of the velocity, ro =V x V , where V is the velocity vector field. 

A flow having vorticity does not necessarily mean a vortex is present, however. 

A shear flow where the velocity gradient is constant has a constant vorticity. There is a 

tendency for a particle at a point to rotate, but there is no greater rotation of the particles 

about a common centre. Yet, the vorticity field can be very useful in detecting vortices. 

When isosurfaces of vorticity are plotted in three dimensions, vortices appear as vortex 

tubes, which cannot terminate in a fluid, but can grow, weaken or join with other 

vortices. In a two-dimensional plane, the cross section of a vortex is indicated by a 

concentration ofvorticity and closed vorticity contours. 

The pressure field can also sometimes be examined to detect vortices. A 

common experience with this is seeing "contrails" behind aircraft as water vapour 

condenses in the low-pressure wing-tip vortex core. 
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Chapter 3

Experimental Apparatus and Procedure

3.1 Introduction 

The primary goal of this research is to quantitatively measure the wake velocity field, 

particularly near the free end of the cylinder, and determine the nature of the tip vortex 

structures. The investigative techniques and equipment used for this research are 

described in this chapter. It begins with a description of the wind tunnel, in which all 

experiments were conducted, and the accompanying components. Next, the various 

measurement probes are explained with emphasis on the seven-hole probe and its 

calibration. Details of the wing are presented, which was used to test the seven-hole 

probe's ability to measure the wake of a vortex generating body. Finally, the cylinder 

models are presented and the post-processing procedure is explained. 
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3.2 Low-Speed Wind Tunnel 

All experiments were conducted within a low-speed, closed return wind tunnel with a 

test section of 0.91 m (height) x 1.13 m (width) x 1.96 m (length). The tunnel was 

equipped with a 75-kW, constant-speed, variable-pitch fan that provided freestream 

velocities from U = 5 - 50 m/s in the test section. A freestream speed of U = 30 m/s 

was chosen for most of experiments, mainly to provide forces on the cylinder that were 

large enough to be accurately measured. Higher speeds were not used because they 

decreased the amount of run-time before wind tunnel heating became a problem. At 

this speed, the longitudinal freestream turbulence intensity and the velocity non- . 

uniformity outside the test section wall boundary layers were no more that 0.6% and 

0.5%, respectively. The wing and cylinder models were mounted, separately, to a six

component force balance below the test section, and extended into the wind tunnel 

through a hole in the ground plane (Section 3.3). Force and pressure data were acquired 

using an Intel P4 1.8 GHz computer with a National Instruments PCI-6031E data 

acquisition board and LabVIEW software. The board was equipped with a 16-bit AID 

converter, 64 analog input channels, configured in differential mode, and was capable 

of lOOk samples per second. Mean forces were measured at 500 Hz for 20 seconds. 

3.3 Ground Plane and Boundary Layer Trips 

To generate a controlled boundary layer at the cylinder/wall junction, an aluminum 

ground plane was installed on the wind tunnel floor with dimensions 1030 mm (width) 

x 1818 mm (length). The aluminum ground plane was clamped to a Plexiglas ground 

plane, which is permanently located in the wind tunnel. On the upstream side of the 
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aluminum ground plane was a sharpened plexiglas edge with a blunt leading edge 2 mm 

high. Along the centre of the ground plane, 900 mm from the leading edge, the plate 

was cut out to allow the model to project into the wind tunnel from the force balance. 

The cutout held an insert disk that could be interchanged to accommodate different 

model sizes or to block off the hole completely while maintaining a smooth surface. 

The surface of the aluminum plane was buffed with an all-purpose scouring pad to a 

smooth finish. 

In order to have a fully developed turbulent boundary layer at the model 

location, two different boundary layer trips were tested. The first was a sandpaper strip, 

typically used for grip on skateboards, 17 mm wide located 200 mm from the leading 

edge and extending across the entire ground plane width. The second was a fence made 

of 15 mm square aluminum angle, attached to the ground plane 370 mm from the 

leading edge. The results of these tests are described later in Section 4.3. 

3.4 Conventional Pressure Probes 

Freestream conditions were measured with a wall-mounted Pitot-static probe (United 

Sensor, 3.2-mm diameter) and a Datametrics differential pressure transducer on a 

thermal base (uncertainty ± 1%). Uncertainty in the freestream velocity was estimated 

at ± 1%. The absolute static pressure, needed for determining fluid properties, was 

measured with a Datametrics Barocell absolute pressure transducer. 

To measure the boundary layer profile, a modified United Sensor boundary layer 

Pitot probe was mounted to a stepper-motor-controlled x-y-z traversing wing within the 

wind tunnel test section. In order to test the interference of the traversing wing and the 
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wall on the pressure probe, a simple experiment was performed. A stationary Pitot 

probe was mounted on the wind tunnel floor and the traversing wing was brought 

towards the probe. The measured pressure from the probe was monitored to determine 

when the wing began to affect the measurement. This experiment was done to 

determine appropriate dimensions of the Pitot probe support, allowing it to be mounted 

far enough from the wing to reduce error. The final dimensions of the probe support are 

shown in Figure 3.1. 

300 rnm --- -- --.-..--- -.. 

//---·--··-··~r·--···~·_----:-----:-·-.-.___ 
( 55 mm rraversmg vvlng _-::=-. 

·,-·---·~ _l.._..__.__·_···--·~·--··-···.--

340mm 

IL, Pitot Probe 

~

Figure 3.1 Dimensions of Pitot probe used for boundary layer measurements 

The boundary layer on the ground plane was measured in the centre of the cross-

stream direction at distances of 0.1 m, 0.3 m, 0.5 m, 0.7 m, 0.9 m, 1.1 m, and 1.3 m 

from the leading edge for freestream speeds of U = 10 mis, 20 mis, and 30 mls. The 

99% freestream velocity criterion was used to determine the boundary layer thickness, 

8, with the freestream velocity, U, determined from the Pitot probe when it was well 
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away from the wall. To better understand the flow patterns near the leading edge, the 

probe was also traversed horizontally in the streamwise direction, 2 mm above the 

ground plane up to 300 mm downstream from the leading edge. 

The Pitot probe velocity pressure was found using a Validyne Model P55D . 

differential pressure transducer that measured the local total pressure relative to the 

static pressure from the wall-mounted Pitot-static probe. For a single freestream speed 

and downstream location, the number of samples was varied from 5,000 to 20,000 at 

500 Hz. The measured boundary layer profile was consistent regardless of the number 

of samples, thus 5,000 samples were used for all subsequent measurements. 

3.5 Thermal Anemometry 

Thermal anemometry was used to verify the boundary layer velocity profile, measure 

the boundary layer turbulence intensity, determine the vortex shedding frequency, and 

to find the vortex formation length. The probe works on the principle that the flow 

velocity is related to the amount of voltage or current necessary to keep the probe at a 

constant temperature. Using a constant temperature anemometer (TSI IFA-I00), a 

single-component hot-film probe (TSI model 1210-60) was used for the boundary layer 

and vortex formation length measurements and a single-component hot-wire probe (TSI 

model 1210-Tl.5) was used for the vortex shedding frequency measurements. The hot

film probe was calibrated against a Pitot-static probe over a range of velocities from U 

= 10 m1s to 50 m1s. The hot-film was sampled 30,000 times at 2,000 Hz using a gain of 

6. The dynamic pressure was sampled from the Pitot-static probe 10,000 times at 500 

Hz and averaged (the 20 s of sampling time corresponds to approximately 2,000 vortex 
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shedding cycles). Since the hot-wire probe was only used to measure the velocity 

fluctuation power spectra, calibration was unnecessary. 

Virtual Bench Digital Signal Analyzer software was used to determine the wake 

velocity fluctuation power spectra. When measuring the turbulence intensity and vortex 

formation length, the hot-film probe was sampled 30,000 times at 6,000 Hz. A 3,000 

Hz low pass filter was used to prevent the possibility of aliasing. For the vortex 

shedding frequency measurements, samples were taken at 5,000 Hz using a frame size 

of 4096 for the fast Fourier transform. A total of 250 spectra were averaged in the 

frequency domain to produce each plot. This sampling frequency is sufficiently high to 

measure the vortex shedding frequency which is on the order of 100 Hz. 

The vortex shedding frequency was found along the cylinder span at a. 

freestream velocity U = 30 mls. For each cylinder the probe was positioned at ylD = 

1.5 in the cross-stream direction and xlD = 3 downstream from the cylinder axis. The 

probe was moved along the cylinder height in increments of 0.5D and 0.25D near the 

cylinder ends. Similarly, the vortex formation length was measured by placing the 

probe along the wake centreline and traversing it downstream; this was repeated at 

various spanwise locations. A correction of the probe voltage for the air temperature 

difference between calibration and measurement, suggested by Bruun (1995) was used: 

250 - Tmeas h . h d I . IE' hE corr = E meas ----, were Ecorr IS t e correcte vo tage sIgna, meas IS t e 
250-Tcal 

measured voltage, Tmeas is the experimental air temperature, and Tcal is the calibration 

air temperature. 
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3.6 Seven-Hole Pressure Probe 

A seven-hole pressure probe manufactured by Engineering Shops, University of 

Saskatchewan (Figure 3.2) was used to measure the wake velocity field. The probe has· 

a conical tip, which contains seven separate pressure ports. The six outer ports are 

numbered 1 - 6 and the central port is numbered 7 (Figure 3.4). 

Figure 3.2 Seven-hole probe tip, outside diameter = 3.45 mm 

By measuring the seven probe pressures, it is possible to determine the time

mean velocity magnitude and direction for flow angles up to 70°. At angles greater than 

this, the flow separates from the tip of the probe, and the probe becomes ineffective. 

This relatively high maximum angle, compared to a cross-wire or five-hole probe, 

makes the seven-hole probe well suited to the application. The seven probe pressures, 

relative to the static pressure, were measured by seven separate Validyne pressure 

transducers (Model P55D) sampled 10,000 times at 500 Hz (Figure 3.3). 
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Figure 3.3 Setup of pressure measuring devices 

The probe functions similarly to a Pitot-static probe; however, it must be 

calibrated. This was accomplished by exposing it to known flow conditions in the wind 

tunnel using an automated, variable-angle calibrator. The in-situ calibration minimizes 

errors caused by differences between calibration flow conditions and test flow 

conditions. 

The flow is characterized by four flow properties, local pitch angle, 8, yaw 

angle, \If, total pressure, Ptota!, and dynamic pressure, q (Figure 3.4). 

43



y 

Figure 3.4 Nomenclature of incident flow and probe port numbering 

The flow at the tip of the probe is described by two directional pressure 

coefficients, a radial pressure-difference coefficient, Cpr, and a tangential pressure 

coefficient, Cpt, which are only functions of the seven probe pressures. The goal of the 

calibration procedure is to relate the directional pressure coefficients to the four flow 

properties. When the flow angle is too high, the flow separates from the probe tip and 

no measurement is possible. A separation criterion based the seven pressure 

measurements, developed by Zilliac (1989), was used to determine when the flow angle 

was excessively high. 

At low flow angles, the central port measures the highest pressure and pressures 

from all seven ports are used to determine the flow conditions. At higher flow angles, 

one of the outer ports reads the highest pressure and only a subset of the pressures are 

used. This allows a sectoring scheme to be used, where the directional pressure 

coefficients are calculated based on which port reads the highest pressure. 
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Following the example of Zilliac (1989), at low flow angles the directional pressure 

coefficients are defined as 

C _2(P4 -P1)+(P3 -P6)-(PZ -Ps ) [3.1] 
Pr,7 - 2(P - P ) 

7 7 

[3.2] 

[3.3] 

At high flow angles the directional coefficients for port n with the highest pressure are 

c = Pn - P7 [3.4]
Pr,n P _ P 

n n 

P -Pand C = n-l n+l where [3.5]
Pt,n P _ P , 

n n 

[3.6] 

The subscripts n-1 and n+1 refer to ports neighbouring port n, regardless of their 

number. Similarly, the total and dynamic pressures are non-dimensionalized using the 

seven probe pressures as 

c - P7 - PtOtal [3.7]
Ptotal,7 - P _ P

7 7

- P7 - P7C 7 - , [3.8] 
q, q 

Pn - PtOtal dC tal 
= ,an [3.9]

Pto,n p_p 
n n 

[3.10] 
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Further details are provided by Sumner (2002). 

3.6.1 Calibration of the Seven Hole Probe 

The probe was mounted on a two-axis, variable-angle, automated calibrator shown in 

Figure 3.5. The probe was placed in a uniform flow with a velocity of 30 m/s and 

aligned to the freestream by varying the orientation until the outer six pressures were as 

close to equal as possible. The Reynolds number based on probe diameter was 

approximately 5,000. The probe orientation was varied from +72.90 to -72.9 0 in 8.1 0 

increments for both pitch and yaw, based on the recommendations of Sumner (2002). 

The seven pressures were measured with seven separate Validyne pressure transducers 

at each orientation sampling at 500 Hz for 8,000 samples. 

Figure 3.5 Variable angle seven-hole probe calibrator 
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Two calibration methods, which relate the directional pressure coefficients to 

the four flow properties, were compared: the polynomial curve fit method of Gallington . 

(1980) and the direct interpolation method of Zilliac (1989). The curve fit method 

involves processing the calibration data using a least squares technique to fit a third-

order polynomial of the directional pressure coefficients to the four flow properties. 

This is performed for each sector separately, resulting in seven curve-fit coefficient 

matrices, K, which relate the directional pressure coefficients to the four flow 

properties. 

e 
2 2 3 3 '" =[K] *[1 Cpr Cpt C pr C pt CprCpt C pr C pt Cpr2Cpt Cpt2Cprr [3.11] 

CPtotal 

Cq 

When the probe is subjected to an unknown flow, the directional pressure coefficients 

may be calculated from the seven probe pressures. Depending on what port reads the 

highest pressure, the appropriate curve fit coefficients, K, are used to calculate the four 

flow properties. 

With the direct interpolation method, the calibration data are sorted by sector 

and tabulated. When the probe is subjected to an unknown flow, the directional 

pressure coefficients are calculated from the seven probe pressures and are used to 

interpolate the pitch and yaw angles within the calibration data for that sector. Since the 

calibration data are unevenly spaced, the Akima IMSL interpolation routine is used. A 
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second interpolation is then performed using the newly determined pitch and yaw 

angles to obtain the total and dynamic pressure coefficients. 

3.6.2 Testing of Seven Hole Probe 

The performance of the seven-hole probe was tested in two ways. First, a procedure 

similar to the calibration was followed to estimate the measurement uncertainty. The 

probe was rotated on the calibrator through a range of pitch and yaw angles, different 

than the calibration angles. At each position, the seven probe pressures and freestream 

conditions were measured. The pitch and yaw angles and flow velocity were calculated 

based on the seven probe pressures and compared to the known values. Data presented 

in this thesis were calculated using the direct interpolation method since it proved 

slightly more accurate, especially at low flow angles. The standard error was 

determined to be 2.3° and 1.3° for pitch and yaw over a range from -63° to 63°. The 

standard velocity error was calculated to be 5%. 

The seven-hole probe had not been used before to detect the presence of trailing 

vortices. Thus, it was necessary test the probe in a flow known to have a trailing vortex. 

A trailing vortex forms whenever a lifting body terminates in a flow as high-pressure 

fluid from one side of the body rolls around the tip to the low-pressure side. Trailing 

vortices from airplane wings are a well-known phenomenon and cause induced drag on 

aircraft, cavitation with propellers, and are responsible for problematic turbulence in 

heavy aircraft traffic areas. Therefore, measuring the wake of a wing was chosen as a 

preliminary test for the probe, described in Sections 3.7.1 and 4.2. 
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3.7 Experimental Models 

This sections describes the wing and cylinder models that were used for wind tunnel 

testing. 

3.7.1 NACA 2412 Wing 

For testing of the seven-hole probe, a NACA 2412 aluminum wing with a rectangular 

planform and blunt tip was mounted vertically from the force balance (Figure 3.6). The 

wing had a constant chord length of c = 140 mm and a span ofb = 420 mm, giving it an 

aspect ratio ofb/c = 3. The mean lift, drag, and pitching moment were measured while 

changing the angle of attack, a. For the seven-hole probe experiments, angles of attack 

of 0°, 5°, and 10° were chosen, below the stall angle of 15°. At a chord Reynolds 

number ofRec = 1.3x105
, the seven-hole probe was traversed in a 5-mm uniform grid in 

the trajectory of the tip vortex at positions of x/c = 1.0, 1.5, and 2.0 downstream of the 

trailing edge. For these experiments, the boundary layer thickness on the test section 

ground plane was B = 30 mm at the location of the wing (Bib = 0.07). The solid 

blockage ratio (frontal area of the model to cross-sectional area of the wind tunnel) 

based on the wing thickness was 0.7%. 
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Figure 3.6 Wing model mounted in wind tunnel 

3.7.2 Cylinder Models 

Four polished blunt-tip aluminum circular cylinder models (Figure 3.7) were 

manufactured with aspect ratios ofAR = 3,5, 7, and 9. 
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Figure 3.7 Cylinder models 

An upper limit of AR = 9 was chosen for two reasons. First, the literature review 

suggested that if tip vortices do exist, they will be present with a cylinder of AR = 9. 

Second, the height was physically limited by the wind tunnel dimensions and space 

above the cylinder was needed for the traversing wing. All cylinders were of diameter 

D = 31.5 mm, which was large enough to provide measurable forces and wake 

structures of reasonable scale. Shown in Table 3.1, the solid blockage ratio of the 

cylinder models was at most 0.9% so no blockage corrections were applied. The 

cylinders attached to the force balance and extended through the ground plane into the 

wind tunnel with a circumferential gap around the cylinder of 1 mm. The natural 

frequency of the cylinder models was much higher than the vortex shedding frequency. 
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The seven-hole probe was traversed in cross-stream planes with a uniform grid 

spacing of dy = dz = 5 mm downstream of the cylinders. Downstream positions of x/D 

= 4, 6, 8, and 10 from the cylinder axis were chosen to examine the streamwise 

development of the wake downstream. As well, for each cylinder, a plane along the 

central wake (y/D = 0) was traversed in dz = dx = 10 mm spacing to examine the 

downwash (Figure 3.8). 

Figure 3.8 Traversing seven hole probe in the wake of a cylinder 

Table 3.1 Circular cylinder specifications 

AR-+ 3 5 7 9 
D[mm] 
L[mm] 

olD 

oiL 

blockage [%] 

31.5 

94.5 

2.51 

0.84 

0.3% 

31.5 

157.5 

2.51 

0.50 

0.5% 

31.5 

220.5 

2.51 

0.36 

0.7% 

31.5 

283.5 

2.51 

0.28 

0.9% 

3.8 Post Processing 

The seven-hole probe measured a velocity field at various downstream positions in the 

wake of the wing and cylinder. To examine vortical structures in the wake, a 
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streamwise vorticity field, (0, was calculated from each velocity field in the y-z plane. 

For the wing, two methods were used. The first used a piecewise numerical line 

integral around neighbouring grid points to calculate the local circulation, as shown in 

equation [3.12] where i and j refer to the grid position in the y and z directions, 

respectively. Using Green's theorem, it can be shown that for a line integral around a 

closed path an equivalent integral exists over the bounded area. In this case, the local 

vorticity can be found by dividing the local circulation by the integration area. 

local circulation = !(v. 1'1 +v·· 1\..1y +!(v.. 1 +v· I' 1\..1y +2 1- ,J- I,J- P 2 I,J- 1+ ,J- P

~(w i+l,j-I + W i+l,j~Z +~(w i+l,j + W i+l,j+l~Z

~(Vi+l,j+l + Vi,j+l~Y- ~(V,j+l + Vi-l,j+l~Y

~(Wi-l,j+l + W i-l,j~ - ~(Wi-l,j + W i-l,j-l}Jz [3.12]

(Oij = local circulation / (4 dy dz) [3.13] 

The second method used a first-order central-difference over the uniform measurement 

grid. 

W i+l j - W i-I j V i,j+l - V i,j_l
(0" = ' , [3.14] 

IJ 2dy 2dz 

For the wing test, both methods provided similar results; therefore, for the cylinder 

experiments only the second method was used, which incidentally is easier to apply 

with a non-uniform grid. The vorticity in the y-z plane was non-dimensionalized in the 
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fonn of ro* = rocID for the wing and ro* = roD/U for the cylinder. Uncertainty in the 

non-dimensional vorticity was detennined to be 0.01 and the uncertainty in circulation 

was under 5%. 

In detennining the vortex area and circulation of the vortex structures in the 

wake of the cylinders, a cutoff of ro* = 0.05 was used as a minimum vorticity level. 

With the wing the cutoff was set at ro* = 2.0. For each grid cell, the local circulation 

was added to the sum of total circulation provided the local vorticity was above the 

cutoff. The circulation was made non-dimensional as r* = rIDc for the wing and r* = 

rIDD for the cylinder. Similarly, the area of the grid cell was added to the total area if . 

the vorticity for that cell was sufficiently high. The centroid of vorticity (y, z) was 

calculated using equations [3.15] and [3.16], again, based on the value of the local 

vorticity. 

- Ly. ·ro·· - LZ. ·ro··y = I,J I,J Z = I,J I,J[3.15] and [3.16]
Lro

I,J
.. Lro

I,J
..

For hot-wire measurements of Kannan vortex shedding frequency, Virtual 

Bench software provided a power spectrum of the probe's signal. To detennine the 

Strouhal number, the power peak was found by visually examining the data file. 
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Chapter 4

Results and Discussion

4.1 Introduction 

This chapter presents the results for all the wind tunnel experiments. Section 4.2 

contains the seven-hole probe results for the wing-tip vortex experiments. In Section 

4.3, the results from the boundary layer tests are presented on which basis the decision 

to use a rough trip strip was made. Finally, Section 4.4 contains the results and 

discussion from the cylinder experiments using the seven-hole probe and Section 4.5 

describes the results of the vortex shedding frequency measurements, vortex formation 

length measurements, and cylinder forces. 

4.2 Seven-Hole Probe Wing Results 

To test the performance of the seven-hole probe at measuring the size, location, and 

strength of trailing vortices, measurements were taken in the wake of the NACA 2412 
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wing (Section 3.7.1). Cross-stream (y-z) planes of velocity vectors clearly show the 

presence of a trailing vortex as a rotation of the velocity vectors about a common point. 

Figure 4.1 shows these velocity vectors viewed from the downstream side of the wing, 

looking upstream. In these plots, the wing is standing vertically with its tip at the origin 

(0,0) and the lifting force is in the (-y) direction. 
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a) b) c)
Figure 4.1 In-plane velocity vectors showing the wing-tip vortex for

a = 10°: a) xlc = 1.0; b) xlc = 1.5 c); xlc = 2.0

By examining the vorticity field calculated from the measured velocities, the 

vortex's size, location, and strength become more obvious. Figure 4.2 shows in-plane 

vorticity corresponding to the above velocity fields with a contour spacing of 2.5 and 

the lowest contour at 0)* = 2.5. 

f 01-------, ----oj i 01----....",....--+-----1 

ll2Il 

t 01-----7. 

~ ~ ~
Figure 4.2 In plane vorticity contours showing the wing-tip vortex for 

a = 10°: a) xlc = 1.0; b) xlc = 1.5 c); xlc = 2.0 
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The centres of the vortices were found by using the centroid of vorticity 

(Equations [3.15] and [3.16]) indicated by the (+) in Figure 4.1. The vortex does not 

travel directly downstream from the wing tip, but is shifted inward along the span 

(negative z direction) and toward the low-pressure side (negative y direction). It is 

expected that as the vortex travels further downstream the y-Iocation will become more 

positive due to wing downwash. The position, area, and circulation of the vortices as 

they travel downstream are summarized in Table 4.1. Due to the wandering nature of 

trailing vortices, there is some inherent uncertainty in these measurements, but 

according to Green (1995) wandering is minimal within 2 chords downstream. 

Devenport et al. (1996) wrote that the wandering amplitude decreases roughly with 

angle of attack and increases with downstream distance. 

Table 4.1 Position, size, and circulation of wing tip trailing vortices 

1 c, a=10 1.5 c, a=10 2 c, a=10 2 c, a=5 2 c, a=O 
Vortex area 
(m2

) 
7.00E-04 6.25E-04 7.00E-04 4.25E-04 2.50E-04 

r*=r/uc 0.67 0.596 0.643 0.307 0.103 
Centroid of 
vorticity 
(y/c,z/c) 

(-0.096, 
-0.045) 

(-0.094, 
-0.119) 

(-0.089, 
-0.096) 

(-0.090, 
-0.139) 

(-0.073, 
-0.063) 

As the vortices travel downstream, they entrain additional fluid and become larger. The 

size of the vortex is also dependent on the angle of attack, u, becoming larger with 

increased angle (see Table 4.1). 
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Finally, by calculating the total circulation of the vortex from the seven-hole 

probe velocities, trends in the vortex strength can be observed. As the angle of attack is 

increased, the vortex circulation (strength) increases. As well, the strength decreases 

downstream due to viscous effects (see Table 4.1). 

In this study, the wing-tip vortex properties are not of primary importance and 

so an interested reader may refer to more detailed results presented by Heseltine and 

Sumner (2003). Rather, the experiments showed that the seven-hole probe is capable of 

detecting a vortex and determining trends in its strength, size, and area. 

4.3 Characterizing the Boundary Layer 

With the cylinder experiments, it was desirable to have a fully developed turbulent 

boundary layer on the wind tunnel ground plane. The boundary layer profile was 

measured at various streamwise positions with a Pitot probe (Section 3.4) and at the 

cylinder location with a hot-film probe (Section 3.5). The results from both 

measurement techniques agreed. The boundary layer in Figure 4.3 is similar to the 

boundary layer profiles seen at other speeds and for the two trips. The profile does not 

appear to originate at the leading edge of the ground plane likely due to separation 

caused by the leading edge, which was not perfectly sharp and may not have been 

aligned perfectly with the flow. As well, the region of rapid growth was likely a result 

of transition to a turbulent boundary layer since it occurs near the critical Reynolds 

number between Re = 5 x 105 and 1 x 106
, shown in Figure 4.3. By traversing a Pitot 

probe downstream at a distance of 1 mm above the ground plane, a recirculation zone 

was found that extended to approximately 130 mm from the leading edge. Because of 
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this, the rough strip and fence trips where placed at XL = 200 mm and XL = 370 mm from 

the leading edge, respectively, where XL is the distance from the leading edge of the 

ground plane. 

XL (mm) 
0 1250

100 

75 
8,z 

(mm 
50 

25 

o 0 

Rex 

Figure 4.3 Boundary layer thickness and velocity profIles on the ground plane with 

no trip Vex> = 30 m/s 

The boundary layer thickness, at each location downstream, for speeds of 10,20, and 30 

mls and each trip are shown in Table 4.2. 

Table 4.2 Boundary layer thickness results for aluminum ground plane 

XL (mm) Rex 
o(mm) 

no trip rough strip fence 
100 
300 
500 
700 
900 
1100 
1300 

1.7E+05 
5.8E+05 
9.5E+05 
1.3E+06 
1.7E+06 
2.0E+06 
2.3E+06 

29 
41 
66 
71 
79 
82 
n/a 

29 
41 
53 
76 
81 
85 
n/a 

n/a 

n/a 
71 
80 
86 
94 
100 

• cylinder location 
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The rough strip did not significantly affect the boundary layer compared to 

having no trip. The fence caused a second separation of the boundary layer and a 

corresponding recirculation zone downstream. This led to an increase in the turbulence 

intensity (TI = uRMS/U) in the boundary layer at the cylinder position (Figure 4.4) 

+Fence 

120 

100 

80-E 
E 60-N 

40 

20 

0 
0%) 5% 100/0 

11 (0/0) 

o Roughness strip 

Figure 4.4 Longitudinal turbulence intensity in the boundary layer at the cylinder 

location (XL = 900 mm) 

To judge the effectiveness of the trips at creating a fully developed boundary 

layer, the shape factor, H, was calculated using numerical integration. The results, 

shown in Table 4.3, were compared to the accepted value of 1.3 (White, 1999). The 

shaded row indicates the cylinder location. 
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Table 4.3 Boundary layer shape factors for various trips (cylinder location at XL = 

900mm) 

10 mis, 10 mis, 10 mis, 20 mis, 20 mis, 20 mis, 30 mis, 30 mis, 

Because of the additional separation/recirculation with the fence, the rough strip proved 

to be the most effective at producing a fully turbulent boundary layer with a consistent 

shape factor near H = 1.3. It was chosen for subsequent cylinder experiments. 

4.4 Finite Cylinder Results - Wake Structure 

In this section, the results from the finite cylinder tests, performed at Reo = 6x104
, are 

presented and interpreted. It begins with the seven-hole probe results as it was the main 

method of investigation. The raw measured (y-z plane) velocity fields are shown plus 

the corresponding calculated vorticity fields, circulation, and vortex locations. Each of 

the cross-stream planes is viewed looking upstream (flow out of the page) for cylinder 

aspect ratios of AR = 3, 5, 7, and 9 and streamwise positions of x/D = 4, 6, 8, and 10 

measured from the cylinder axis. The velocity vectors have been non-dimensionalized 

by the freestream velocity (u* = U/U, v* = vlU, w* = wlU). The non-dimensional in

plane vorticity contours are spaced at 00* = 0.05 with the contour 00* = 0 omitted for 

clarity. Uncertainty in the calculated non-dimensional vorticity is 0.01. Solid contour 
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lines denote positive vorticity (CCW) while dashed lines denote negative vorticity 

(CW). The blank areas at x/D = 4 for cylinders of AR = 7 and AR = 9 are regions 

where the flow angle was too high to be measured with the seven-hole probe, 

approximately 70° (Figures 4.5a and 4.7a). This region includes the recirculation zone 

with entirely reversed flow. Because of the void in the data, the vorticity contours in 

these regions are abnormal. In addition, determining the circulation and centroid of 

vorticity was impossible. 

4.4.1 Wake Structure, AR = 9 

Cross-stream planes of in-plane velocity vectors and vorticity contours for the cylinder 

of AR = 9 are shown in Figure 4.5. As previous authors have reported, the presence of 

strong downwash flow can be seen near the tip. Especially along the wake centerline, 

the fluid passing over the free end is brought down rapidly into the low-pressure wake. 

The strength of this downwash is greatest closer to the cylinder (Figure 4.5a) so that 

near the cylinder the flow angle exceeds the limits of the seven-hole probe. The wake is 

nearly symmetrical, as expected, but shows a slight bias (approximately v* = +1.7%) in 

the positive cross-stream direction. The reason for this asymmetry is unclear, but may 

be related to calibration error and measurement inaccuracy. The asymmetry in cross

stream velocity causes the vortices in the velocity plots to appear shifted vertically. If 

the cross-stream velocity is adjusted to remove this asymmetry, the vortices appear 

symmetrical in the velocity plot. 

At the base of the cylinder upwash flow away from the ground plane can be seen 

and is likely related to the vortical structures seen in the vorticity contour plots (Figure 
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4.5a-d). At first glance, these concentrations may appear to be the horseshoe vortex 

system, but on closer inspection, it is apparent that the sense of rotation is opposite to 

the expected horseshoe vortex. It is possible that this vorticity is a result of slanted 

alternating Karman vortices that appear symmetrical in a time-averaged field, which 

will be discussed in detail in Section 4.4.4. Near the free end of cylinder similar 

vorticity concentrations are seen in the wake cross-section. This tip structure is much 

stronger than the base structure and is linked to the downwash flow in the central wake. 

As the vortex structures travel downstream, they become more circular and less oval 

shaped (Figure 4.5d). The peak vorticity in the centre of the vortices also drops. The 

vorticity contour plot is more symmetrical than the velocity vector plot because the 

vorticity is based on velocity gradient, or change in velocity between neighbouring grid 

points. 

Unlike the trailing vortex with the wing, these vortex structures are not easily 

seen in the velocity plots, especially closest to the cylinder (Figure 4.5a). This is 

because the downwash in the near wake of the cylinder obscures the vortices and no 

rotation about a common centre is visible. Further downstream when the downwash has 

subsided, the vortices are more visible in the velocity field (Figure 4.5d). Therefore, 

vorticity seems to be a better way of visualizing and detecting vortices in the presence 

ofdownwash. 
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Figure 4.5 Cross-stream velocity and vorticity field for cylinder AR = 9 

(a) xID = 4; (b) xID = 6; (c) xID = 8; (d) xID = 10 
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Figure 4.5 (continued) 
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Figure 4.5 (continued) 
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Figure 4.5 (continued) 
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The downwash flow in the central wake of the cylinder of AR = 9 is shown in Figure 

4.6. Immediately behind the tip of the cylinder, the downwash is strong, but weakens 

downstream and along the span toward the base. Again, the blank area next to the 

cylinder is the region where the flow angle is too high to be measured or the flow was 

recirculating. This region extends furthest downstream at the centre span of the 

cylinder where the flow is expected to be more two-dimensional. Near the cylinder 

ends, the length of the high-flow-angle region decreases. 
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Figure 4.6 Velocity vectors in the central wake (ylD = 0) for AR = 9 
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4.4.2 Wake Structure, AR = 7, 5 

The wake structures for cylinders of AR = 7 and AR = 5 (Figures 4.7 and 4.8) are very 

similar to that of AR = 9 (Section 4.4.1). For the AR = 7 cylinder, at the position xlD = 

4 (Figure 4.7a), the blank region with high flow angles is smaller than with AR = 9 

(Figure 4.5a) and disappears altogether for AR = 5 (Figure 4.8a). The magnitude of the 

downwash flow at the tip and upwash flow near the base decreases with aspect ratio. 

Both the tip and the base vortex structures are seen with the cylinders of aspect ratios of 

AR = 7 and 5 (Figures 4.7 and 4.8). The vortices are very similar in each plot except 

that at any downstream plane they appear more circular for the smaller aspect ratios 

(Figure 4.8). 
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Figure 4.7 Cross-stream velocity and vorticity field for cylinder AR = 7 

(a) xID = 4; (b) xID = 6; (c) xlD = 8; (d) xlD = 10 
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Figure 4.8 Cross-stream velocity and vorticity field for cylinder AR = 5 

(a) xID = 4; (b) x/D = 6; (c) x/D = 8; (d) xID = 10 
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Velocity vectors in the central plane of the wake for the cylinders of AR = 7 and 

5 are shown in Figure 4.9. With decreasing aspect ratio there is a decrease in the length 

of the region with flow angles that are too high to measure. The downstream length of . 

the unmeasurable region shows the greatest change with aspect ratio at the central span 

of the cylinder. 
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Figure 4.9 (continued) 

4.4.3 Wake Structure, AR = 3 

There is a change in the flow pattern for the cylinder of AR = 3 (Figure 4.10). In the 

velocity field, downwash flow is still present near the free end, but is slightly weaker 

than with the higher aspect ratio cylinders (Figures 4.5, 4.7, 4.8). The downwash now 

extends all the way to the ground plane and there is no upwash flow at the cylinder base 

(Figure 4.10). Related to this, there are no base vortex structures in the vorticity . 

contour plots. The contour seen nearest the ground plane for the three downstream 

positions is likely an artifact of the vorticity calculation method as it occurs right on the 

boundary of the data. The tip vortex structures remain similar to those of higher aspect 

ratio cylinders, but appear more circular even very close to the cylinder (Figure 4.1 Oa). 

As with the more slender cylinders, the peak vorticity decreases downstream. 

79



G/Z 

T'"" 

0 e 
>

T'"" 
I 

, " " ,, 
('\/ 

I 

(JJZ 

Figure 4.10 Cross-stream velocity and vorticity field for cylinder AR = 3 

(a) xID = 4; (b) xID = 6; (c) xID = 8; (d) xID = 10 

80



(b) 

G/Z 

r-r...,....,...'!"'""1'...,....,...,...,...,....,...,...,....,......-,...,....,....,.......,....,....,...,.......,.....-I'""""I'_"'I"-I'""""1'...,.....-I'""""1'...,.."'1"-....,....,.."'1"-,......,.."'1"-,....,.... (1)

, 
\ \ 

t t \ ~, , , 
t 

............. "It. '" "lI,."''' -. ,
... __ ........................... __ "'JI, ; ;

---~-~~~~~~~~~/,,~~

. 1It ....~......~".)P,,~Jr -" A ~ - .. ..

, . ;. "'.J1I_ _.., r ..... ...-..,.A .... .,..~ ..
.;r.,,;,-P.:.w:,.. .... "'.V.....___ ... __ .. , ~ '" .;r '" 0 

, JI " -" " ,Jt' ..................-.:: - .. ., ........ -.- __ ..; , , , , , JI ,JI ///.....--'--...-......._-~, . ~
,, , , , ",; ;t 1'1'///""'--I'JI,J',I'-"' ____ ._., , I I II II 

I f f 111111/1;/ •• _ , , , , / r , ,f I t t f , f ~

, 
I I , I t I I , t 1 t t t t I, , I r ~ ~ I I I I t t ,

I I 1 f t I t t , \ , ,,, , I t t t , t t ,t \ 
\ \ , ~ \ 

I t t I I \ \ ~ \ , \ ,t I t I I I \ \ \ N
I , I . \ \ \ I , \ I , , \ \ 

(liZ 

Figure 4.10 (continued) 
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The plot of velocity vectors in the central plane of the wake for the cylinder of AR = 3 

shows downwash in the tip region, but no upwash near the ground plane (Figure 4.11). 

The length of the unmeasurable region with high flow angles decreases further as the 

aspect ratio is reduced. Again, this decrease is greatest at the central span of the 

cylinder and at the ground plane it changes little. 
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Figure 4.11 Velocity vectors in the central wake for AR = 3 

4.4.4 Additional Analysis 

Further analysis was performed on the seven-hole probe data to examine trends in the 

vorticity concentrations as they move downstream. The strengths, or circulations, of the 

tip structures are shown in Figure 4.12 with an uncertainty of less than 5%. It should be 

noted that the unsteady behaviour and possible wandering of these structures is 

impossible to estimate with a time-averaged measurement technique. Therefore, some 

additional uncertainty is contained in the calculated area and circulation values; 
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however, their trends can still provide insight into the flow behaviour. As well, the fact 

that the seven-hole probe was calibrated in a unifonn freestream and used in a turbulent 

shearing flow has not been accounted for. 

The area and magnitude of the circulation represent an average of the vortices 

on either side of the wake centerline. The tip vortices are stronger for higher AR 

cylinders, but in all cases become weaker downstream, due to viscous effects. The area 

of the vortices also increases as they entrain fluid from the freestream (Figure 4.12). 
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Similarly, the base vorticity concentrations become weaker downstream (Figure 

4.13). There is a smaller spread in the data between aspect ratios, compared to the tip 

vortex structure meaning that the base structure is less dependent on the aspect ratio. 

Unlike the tip structure, the area of the base vortices decreases downstream. Since the 

area was based on a minimum non-dimensional vorticity 00* > 0.05, the decrease in area 

may be related to a decay of vorticity. 
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Figure 4.13 Streamwise development of circulation and area of base vortex 

structures: (a) circulation or strength; (b) area 
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The horizontal spacing or separation between the vortex centres, RSEP, increases 

downstream for both the tip and base vortex systems (Figure 4.14). The distance is not 

highly dependant on the aspect ratio, especially for the base vortices, which are more 

widely spaced. 
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Figure 4.14 Separation distance in diameters of vortex centres for: 

(a) tip; (b) base vortices downstream 
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Downwash flow is seen near the free end for all four aspect ratios. It is 

strongest for cylinders of higher aspect ratio, extends further from the tip, and its 

magnitude decreases downstream (Figure 4.15). The measure of downwash velocity, 

wID, was taken along the wake centreline between the vortex centres. 
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Figure 4.15 Streamwise variation of downwash for various aspect ratios 

The downward movement of the tip vortex structures as they travel downstream 

is explained by this downward flow. However, the two are inherently linked and it is 

difficult to say whether the vortices induce a downward velocity or the downwash 

causes vorticity and shifts the vortex position. When normalized by the cylinder length, 

the vortex position from the free end, z'/L, does not show a distinct trend with aspect 

ratio (Figure 4.16). Because the downwash is stronger with the higher aspect ratio 

cylinders, the vortex movement toward the ground plane is greater when measured in 

dimensional units. 
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Figure 4.16 Streamwise variation of tip vortex position 

Upwash flow is seen near the ground plane for cylinders of aspect ratios of AR 

= 5, 7, and 9 but not for AR = 3. Despite the upwash flow, the centroid of vorticity for 

the base vortices moves slightly toward the ground plane for the cylinders of AR = 5 

and 7, but does move upward for AR = 9 (Figure 4.17). This may occur since the 

downwash extends a smaller distance from the tip for the smaller aspect ratio cylinders. 

In diameters, the vortex centre is further from the ground plane for higher aspect ratio 

cylinders. 
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Figure 4.17 Streamwise variation of base vortex position 

4.4.5 Discussion 

The most obvious feature of the velocity and vorticity field plots is the counter-rotating 

concentrations of vorticity near the ends of the cylinders. Previous authors have also 

detected this streamwise vorticity, particularly near the tip. Some have attributed it to 

trailing tip vortices while others have recognized it as an inclination of the Karman 

vortices toward the cylinder. Tanaka and Murata (1999) detected the vorticity 

concentrations near the base of the cylinder for an aspect ratio of AR = 10. They 

claimed it was caused by a deformation of the "hair-pin" shaped vortex lines. The 

vorticity concentrations near the free end are similar in position and sign to those 

measured by Tanaka and Murata (1999), but very different in shape. In their study for 

the taller cylinders, the tip vortex structures had an "ear-lobe" shape that extended very 

near the ground plane and the base vorticity concentrations were very small. With the 

cylinders less than AR = 5, they did not detect the base vortices and the tip vorticity 

concentrations extended further laterally. Since Reynolds number was nearly the same 
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between the two studies, these differences may be a result of their measurement 

technique. Tanaka and Murata (1999) used a rotating yaw probe that measures the local 

time-averaged velocity vectors, similar to the seven-hole probe. More likely is that the 

boundary layer thickness on the ground plane is an important factor in the flow 

structure, i.e. the ratio 5/L. Tanaka and Murata's (1999) boundary layer was only 0.1 

diameters at the cylinder location compared to 2.5 diameters in this study. 

Tanaka and Murata (1999) noted that with a time average view of the unsteady 

cylinder wake, it is difficult to determine the true behaviour of the fluid. This problem 

is also present with the seven-hole probe. The measurements represent mean velocity 

and vorticity contributed to by a number of changing flow patterns and vortex 

structures. Still, judgments about the nature of the flow can be made from the time

averaged results. 

The concentrations of vorticity near the base are not horseshoe vortices because 

they have the opposite sense of rotation. One possible explanation is that they are 

caused by slanted Karman vortices where the formation of the vortices is delayed 

toward the cylinder junction. This orientation causes a streamwise component of 

vorticity that may overwhelm the horseshoe vortex system. In the case of aspect ratio 

AR = 3, no vorticity concentrations near the base of the cylinder are observed. This 

could be caused by a change from Karman to arch-type vortex shedding, where the· 

slanted arch structure is responsible for the streamwise vorticity near the tip. It is more 

likely, however, that there is no change to arch-type vortices, at least at AR = 3, and that 

the Karman vortex system is no longer inclined toward the cylinder when the aspect 
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ratio is AR = 4. As well, the downwash extends all the way to the groundplane for AR 

= 3 and may help the reduce vorticity and associated upwash near the ground plane. 

The idea that changes in the flow patterns result from deformation of essentially 

similar vortex structures is supported by Tanaka and Murata (1999) and their plots of 

vortex lines. The base vortices' size, strength, and their positions downstream are less 

dependent on the cylinder aspect ratio than the tip structures since they are further from 

the free end. It is expected that their behaviour will depend more on the boundary layer 

characteristics than the tip vortices, but that remains to be determined. 

Flow visualization evidence of Okamoto and Yagita (1973) and Johnston et ale 

(1998) does support the theory of inclined Karman vortices near the tip that are linked 

causing the streamwise vorticity concentrations. In this study, these tip vorticity 

concentrations were shown to be much stronger than the concentrations near the base, 

even though they may both be results of inclined Karman vortices. One reason the base 

structure could be weaker is the tendency for a horseshoe vortex to form, which 

counteracts the base vorticity concentrations. A second reason, which makes sense 

physically, is that the tip structure is more complex than a simple slanted Karman 

vortex street. The downwash flow coming over the centre of the cylinder, combined 

with upwash flow from the side may act to increase the strength of this streamwise 

vorticity. A joining of the upwash and downwash flow and Karman vortex structure 

explains why the vorticity concentrations at the free end are so much stronger than at 

the base. 

As the vortices travel downstream, they become less oval and more round. This 

may be caused by a change in the vorticity axis as downwash becomes weaker and the 
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vortex aligns with the freestream direction. The vortices are also more round for lower 

aspect ratio cylinders where downwash is weaker. When the vortex is aligned with the 

flow, the cross-stream planes are perpendicular to the vortex axis and the vorticity 

contours appear more circular. 

4.5 Finite Cylinder Results - Other Measurements 

In this section the results from the thermal anemometry experiments and force 

measurements are presented. An attempt is made to relate these results to the wake 

structure observed from the seven-hole probe measurements. 

4.5.1 Vortex Shedding 

Hot-wire measurements were conducted for the four circular cylinders to examine the 

vortex shedding frequency and its behaviour along the span. A sample of the power 

versus frequency plots obtained are shown in Figure 4.18 for (a) z'/D = 0.5 from the 

free end, (b) at mid-span, and (c) z/D = 0.5 from the ground plane. 
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Figure 4.18 Power spectrum measured at x/D = 3, y/D = 1.5 along cylinder span 

for: (a) O.5D from the free end; (b) at mid-span; (c) O.5D from the ground plane 

The strong peak at the central span is the frequency of alternating Kannan vortex 

shedding. Its strength and distinctiveness increases with aspect ratio, since the end 

effects lessen at the central span as the cylinders are lengthened. At both ends of the 

cylinder, this peak becomes weaker and more broadbanded indicating a disruption in 

regular vortex shedding. Near the tip of the cylinder the peak from vortex shedding is 

much weaker for most cylinders, except at AR = 5 where it maintains its distinctness. 

The reason for this is unclear. A peak in the power spectrum can still be seen at the tip 

contrary to Okamoto and Yagita's (1973) report that no peak is discemable within two 

diameters from the free end. No constant frequency is seen near the free end related to 

a tip vortex, as reported by Park and Lee (2000), Lee and Wang (1987), and others. The 
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small peaks seen at the tip for AR = 7 and AR = 9 are attributed to 60 Hz noise and 

probe vibration (Figure 4.18a). 

For the shortest aspect ratio a frequency peak can still be seen near the ground 

plane, contrary to Lee and Wang's (1987) result at the same aspect ratio. This peak 

actually becomes stronger in the same position with lower aspect ratio cylinders. This 

strengthening of the shedding may be related to the weakening, and eventual 

disappearance, of the base vortices with smaller aspect ratios. This is similar to the 

reports from previous authors that the vortex shedding peak becomes weaker at the free 

end due to the tip structure that interrupts regular shedding. For the cylinder of AR = 3 

the frequency peak at the base is strong because of the lack ofbase vortices. 

The variation in the 8trouhal number along the span is shown in Figure 4.19. 

The uncertainty in the data is less that 5%. The 8trouhal number did not change 

appreciably along the span or with aspect ratio and had a value of 8t = 0.16. Other 

results showed that it remained constant with changing freestream velocity (ReD). No 

decrease near the tip is seen as is reported by some previous authors (Park and Lee, 

2000, Budair et al. 1991, Fox and West 1993b, 1993c). However, the 8trouhal number 

is lower than 8t = 0.193, measured in a previous study with a cylinder having end plates· 

at the same Reynolds number (Akosile, 2002). 
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Figure 4.19 Strouhal number variation along span 

4.5.2 Vortex Formation Length 

The vortex formation length was measured along the span for the cylinder of AR = 9. 

The distance downstream where the peak turbulence intensity (uRMS/U) occurs was 

defined as the vortex formation length, Lt. Like the velocity fluctuation frequency 

power graphs, at the center of the cylinder span there was a distinct peak in the 

turbulence intensity moving downstream. Near the ends, the behaviour changed with 

lower turbulence and the eventual disappearance of the peak. 

The vortex formation length decreases at the ends with a small constant section 

in the centre span (Figure 4.20). This result agrees with that of Luo (1993) who report 

that shear layer from the tip interferes with the interaction of side shear layers and this 

effect increases away from the tip causing a larger vortex formation length. This is a 

similar trend to the region of unmeasurable recirculating flow that decreased in length 

toward the cylinder ends (Figures 4.6, 4.9, 4.11). Perhaps the fact that the vortex 
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formation length decreases at the cylinder ends but the Strouhal number remains 

constant suggests that the Karman vortices are inclined upstream at both ends. 
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Figure 4.20 Vortex formation length along span for AR = 9 

4.5.3 Aerodynamic Forces 

Due to a more complete recovery of the base pressure caused by the free end, the mean 

drag coefficient data for the finite cylinders were lower than the drag coefficient for a 

two-dimensional cylinder with end plates (Figure 4.21). The two-dimensional cylinder 

data were obtained from Akosile (2002). 
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Figure 4.21 Mean drag coefficient for cylinders 
(Seven hole probe experiments at ReD = 60, 000) 

For the finite cylinders of AR = 5, 7, and 9, the CD curve follows a similar trend 

to the two-dimensional cylinder but with a more pronounced decrease at high Reynolds 

numbers. Uncertainty in the drag coefficient is high at low Reynolds numbers, but 

decreases to 50/0 for AR = 3 and 1% for AR = 9 at Re = 60 000 where the seven-hole 

experiments were conducted. The drag coefficient decreased with aspect ratio, agreeing 

with the results ofUematsu et al. (1990), Uematsu and Yamada (1994) and Luo (1993) 

who stated CD is lower since downwash from this tip has influence over more of the 

cylinder span with lower aspect ratios. For the cylinder of aspect ratio AR = 3 the curve 

is slightly different. It is possible that this is related to a change in the flow patterns, or 

the boundary layer thickness to cylinder length ratio, 8/L. 
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The mean lift coefficient was nearly zero, but the RMS lift coefficient, CL ' was 

positive due to alternating vortex shedding forces (Figure 4.22). 
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Figure 4.22 RMS lift coefficient for cylinders 

The two-dimensional cylinder with end plates produced the lowest RMS lift 

coefficient. This is opposite to what is reported by Fox et al. (1993) and others. It is 

expected that since alternating vortex shedding, which is responsible for the fluctuating 

lift force, is interrupted near the free end, the RMS lift coefficient would be lower for a 

finite cylinder. The cylinders with aspect ratios of AR = 9, 7, and 5 had increasingly 

high CL ', respectively. Again, the cylinder of AR = 3 did not follow this trend and had 

a CL ' near that of the AR = 9 and AR = 7 cylinders. The cylinder of aspect ratio AR = 5 

having a high RMS lift coefficient may be related to the fact that the power spectrum 

peak did not weaken near the free end. More measurements are necessary to clarify this 

result. 
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Chapter 5

Conclusions and Recommendations

5.1 Conclusions 

The seven-hole probe was able to detect counter-rotating streamwise vortical structures 

in the wake of the circular cylinders. Infonnation about the wake structure and its 

development downstream was obtained with a seven-hole probe and thennal 

anemometry probes, which helps to resolve the disagreement as to the existence of 

trailing tip vortices. For the aspect ratio of AR = 3, only two vorticity concentrations 

near the tip are seen. For aspect ratios of AR = 5, 7, and 9, tip vortices and base 

vortices are present. The base vortices are of opposite rotation to the expected 

horseshoe vortex and it is possible that they are caused by a slanted Kannan vortex 

street. The tip vortices are much stronger than the base vortices where there is a 

complex interaction of downwash flow and alternating Kannan vortices. It is possible 

that the Kannan vortices and upwash/downwash flow at the tip combine to cause this 

increase in vorticity. This is supported by the fact that the vortex shedding peak in the 
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power spectrum becomes weak at the cylinder ends. Also, the Strouhal number remains 

constant while the vortex formation length decreases toward the base and tip. 

The base vorticity concentrations seem to be less dependent on aspect ratio than . 

the tip vortices. This is seen as a smaller spread in the data of vortex area, circulation, 

and separation distance. The influence of the ground plane boundary layer on these 

vortices requires further investigation. 

Although the wake did change for the cylinder of AR = 3, a definite change 

from arch to Karman vortices below AR = 4 cannot be supported. The change may still 

take place below AR < 2.5, as reported by some authors, and no experiments were 

conducted below that aspect ratio. At AR =3 the changes in the flow, compared to the 

cylinder of AR = 5 and higher, can be summarized as follows: (i) a disappearance of the 

base vorticity concentrations and upwash, (ii) a change in behavior of the drag 

coefficient and RMS lift coefficient, (iii) a weakening of the wake velocity fluctuation 

power spectrum peak at the cylinder mid-span and a strengthening of the peak near the 

cylinder base. The cylinder of AR = 3 did exhibit vortex shedding very near its base 

with a Strouhal number consistent with the other cylinders. It is possible that the 

change in the flow pattern is a result of the downwash flow having influence over the 

entire cylinder span. 

5.2 Recommendations for Future Work 

This study has provided information about the nature of flow around a circular cylinder, 

however some questions remain. If the streamwise vorticity concentrations are caused 

by an inclination of the Karman vortices, how are they affected by downwash at the tip 
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and the boundary layer at the base? How do they develop and interact in time? Why do 

the base vortices disappear at an aspect ratio of AR = 3? Is there a change to arch-type 

vortices at smaller aspect ratios? 

The seven-hole probe proved a useful instrument for measuring the flow, but has 

some limitations. Measurements are impossible immediately downstream from the 

cylinder, including the recirculation region, because of the high flow angles. As well, 

the seven-hole probe is only capable of time-average velocity measurements. 

Instantaneous measurements of velocity would be useful in determining the true nature 

of the vortex structures. Previous authors have made instantaneous hot-film, pressure, 

and force measurements but uncertainty still exists in the flow structure. Using a 

technique such as particle image velocimetry (PlY) could answer the remaining 

questions about wake structure and periodicity. 

Cross-flow around a single circular cylinder in the subcritical Reynolds number 

regime has obvious applications in engineering and industry, but there are many . 

variations to be investigated. The influence of the boundary layer properties, cylinder 

roughness, Reynolds number (in particular the supercritical regime), smokestack-type 

flow through the tip, and multiple cylinders are all potential areas of study. With all of 

these variations, there is a need for sensitive measurements of pressure, forces, wake 

frequency, and wake structure. 
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